by homogeneous assays with automated analyzers is replacing precipitation methods. However, in this reaction-type assay, interactions between the reagents and lipoproteins remain unknown. Methods: Electron microscopy was used to investigate the reactions in a homogeneous HDL-C assay. Negative staining with 10 g/L uranyl acetate was performed for lipoprotein visualization by electron microscopy. Observations of the interactions between lipoproteins and the reagents of a polyanion-polymer/detergent assay were achieved by cooling the reaction mixture in ice water. This treatment also allowed observation of the time course of the reaction. Results: In the first-reagent reaction (polyanion-polymer), every lipoprotein aggregated almost completely. In the second-reagent reaction (enzymes and detergent), only HDL in the lipoprotein aggregates was selectively resolved and reacted enzymatically. Reagent 1 contains two important substances: polyanion and synthetic polymer. Using x-ray microanalysis, we confirmed that aggregation of lipoproteins in the first reaction occurred through interaction with the phosphotungstate of the polyanion. Conclusion: Electron microscopy morphologically revealed the dynamic reaction in a homogeneous HDL-C assay.
mellitus causes normal LDL to change qualitatively of small, dense LDL. These lipoproteins are analyzed by determining their physicochemical properties because the lipoprotein classes differ in density, particle size, and charge.
Because of the risk of coronary heart disease, it is very important to measure HDL-cholesterol (HDL-C) in human sera. HDL-C has been measured mainly by chemical precipitation and enzymatic detection in combination (3) (4) (5) (6) (7) . That is, HDL-C generally is quantified as the cholesterol remaining in the supernate after chemical precipitation and sedimentation of other lipoproteins. The mechanism by which HDL-C interacts with precipitation reagents is not yet completely clear.
HDL-C measurement by homogeneous assay is replacing the methods described above (8 -11 ) because this assay is applicable to automated analyzers. Routine screening of large populations has become possible as well. However, in this reaction-type assay, the phenomena that occur between the lipoproteins and the reagents remain unknown. In this study, we used a morphological approach via electron microscopy to elucidate the interaction between various lipoproteins and the reagents of a homogeneous HDL-C assay.
Materials and Methods reagents
The polyanion-polymer/detergent assay as a homogeneous HDL-C assay kit was purchased from Daiichi Pure Chemicals. This kit is constructed with a first reagent (reagent 1) and a second reagent (reagent 2). Monoclonal antibody against lipoprotein(a) [Lp(a)] was also obtained from Daiichi. Formyl-Cellulofine, used for affinity chromatography, was purchased from Seikagaku. The agarose electrophoresis gel film was from Helena Laboratories.
lipoprotein preparation
Serum lipoproteins were isolated by sequential ultracentrifugation from pooled human serum. Sequential ultracentrifugation was performed in a Beckman model L5-65 ultracentrifuge with a SW41TI swinging-bucket rotor, using Beckman Ultra-Clear 1.4 ϫ 8.9 cm 12-mL centrifuge tubes. The following method was based on the same principles as the technique reported by Hatch and Lees (12 ) with some modifications. Fresh pooled serum was centrifuged at 51 000 g for 30 min at 15°C. The chylomicron-containing fraction (4 mL) was removed from the supernatant. KBr solution (4 mL; d ϭ 1.006 kg/L) was layered on top of the fraction, which was then recentrifuged at 200 000g for 18 h at 15°C. The VLDL-containing top layer (1 mL) was collected by aspiration. The infranate (6 mL) was mixed with 3 mL of KBr solution (d ϭ 1.045 kg/L) adjusted to d ϭ 1.019 kg/L. The preparative fraction (8 mL) was placed in a tube, and 4 mL of KBr solution (d ϭ 1.019 kg/L) was layered on top of the fraction. Similarly, after recentrifugation at 200 000g for 20 h at 15°C, the supernatant (6 mL) was discarded. A 6-mL aliquot of the bottom fraction was adjusted to d ϭ 1. tion was filtered through a 0.2 m filter. In the case of HDL fraction, contaminated Lp(a) was excluded by immunoaffinity chromatography.
immunoaffinity chromatography
Monoclonal antibody against Lp(a) was covalently coupled to Formyl-Cellulofine at a rate of ϳ7 mg/g of wet gel according to the manufacturer's instructions. The immunosorbent (1 mL) was packed into a column and equilibrated with five column volumes of phosphate-buffered saline. Of the HDL fraction dialyzed, 1 mL was applied to the column. Pure HDL was recovered as a nonbinding protein. The purity of lipoprotein fractions and the absence of Lp(a) contamination in the HDL fraction were evaluated by agarose gel electrophoresis.
measurement in an automated analyzer
This homogeneous assay kit for the direct measurement of HDL-C was suited for use in a Hitachi 7250 automated analyzer. Consequently, lipoprotein fractions (3 L) and reagent 1 (300 L) were mixed and incubated for 5 min at 37°C. Reagent 2 (100 L) was then added, and the mixture was incubated for 5 min, during which the absorbance was monitored every 12 s at 660 and 546 nm during the reaction.
negative stain electron microscopy
Before observation by electron microscopy, a portion of each lipoprotein fraction was reacted with either reagent 1 alone or with reagents 1 plus 2 in a homogeneous HDL-C assay kit. For example, when the first reaction was monitored, each lipoprotein fraction (6 L) at certain concentrations was mixed with reagent 1 (600 L) in a test tube and incubated for 4.5 min at 37°C, after which the reaction tube was transferred to ice water and left for 0.5 min. This reaction mixture was provided as a sample for negative staining. For analysis of the second reaction, after the first reaction for 5 min at 37°C, the next step was started by the addition of reagent 2 (200 L) to the tube. Under the same conditions as the first reaction, the next reaction was incubated for various time periods, and then the reaction tube was transferred to ice water and left for 0.5 min. As a control reaction, this same procedure was carried out in 150 mmol/L NaCl solution exchanged for either reagent 1 or reagent 2. These reaction samples, cooled by ice water, were then subjected to the method below.
A drop of the cooled sample was placed immediately onto a Formvar/carbon-coated grid and immobilized for 0.5 min. Excess fluid was removed with filter paper, and the specimen on the grid was dried at room temperature for ϳ1 min. Negative staining with a drop of 10 g/L uranyl acetate in distilled water was performed. After 0.5 to 2 min, the drop of staining solution was again removed with filter paper. The specimen was placed immediately into the microscope specimen chamber and observed with a JEM-1220 electron microscopy at 80 kV.
x-ray microanalysis
For x-ray microanalysis of the reaction product, the specimen was negatively stained under the same conditions as above. The analysis of the reaction sample was performed with a JEM-200CX equipped with a 7025J (Kevex) for x-ray microanalysis by energy dispersion spectrometry. The microscope was operated in transmission electron microscopy (TEM) mode at 160 kV.
other analytical methods
The cholesterol concentrations in lipoprotein fractions were determined enzymatically. Protein contents in lipoprotein fractions were estimated using the method of Lowry et al. (13 ) .
Results
Using each lipoprotein fraction at the same cholesterol concentration as that observed under electron microscopy, we confirmed that the reaction provided by the homogeneous HDL-C assay kit was specific for HDL (Fig.  1) . The assay conditions that applied to the automated analyzer almost coincided with those for the electron microscopic analysis as described below.
reaction between each lipoprotein and reagent 1
We first examined the response of each lipoprotein to reagent 1 in the kit. When each lipoprotein was incubated in 150 mmol/L NaCl solution as a control reaction for the indicated time at 37°C, none changed in appearance (Fig.  2, a-1 to a-3 ). This means that there were no artificial changes that occurred in the lipoproteins via the experimental procedure for observation by electron microscopy. In the case of reaction with reagent 1, HDL particles coexisted in both aggregated and nonaggregated forms (Fig. 2b-1) . That is, some clumps were Ͼ0.2 m in diameter and some were monomeric. Both LDL and VLDL responded to reagent 1 by extensive aggregation (Fig. 2, b-2 and b-3 ). Most clumps were Ͼ1 m in diameter, and many were larger than those from HDL. The clumps were surprisingly similar in size considering that they were constructed from hundreds of LDL particles.
reaction between each lipoprotein and reagent 2
A control of the second reaction was carried out by exchanging reagent 2 for 150 mmol/L NaCl solution after the first reaction (Fig. 3, a-1 to a-3) . Every lipoprotein aggregate (HDL, LDL, and VLDL) formed in the first stage was maintained during the second stage with the NaCl solution. The responses of both LDL and VLDL to the action of reagent 2 were similar to those of control reactions (Fig. 3, b-2 and b-3) . The HDL response differed from the responses of the other lipoproteins: When clumps of HDL produced in the first reaction were mixed with reagent 2 under the conditions indicated, HDL disappeared from the grid (Fig. 3b-1 ).
interactions between reagent 1, hdl, and vldl Before studying the interaction between reagent 1, HDL, and VLDL, we confirmed that there was no interaction between HDL and VLDL in 150 mmol/L NaCl solution under the above-mentioned conditions (Fig. 4a) . Because these lipoproteins did not react with each other, the first reaction observed under electron microscopy was that between these lipoproteins and reagent 1 (Fig. 4b) . Both interactions between reagent 2, hdl, and vldl
Complexes from the first reaction were maintained during incubation with 150 mmol/L NaCl under the same conditions described for the second reaction (data not shown), indicating that reagent 2 caused the changes in the complexes. The time course for the second reaction was investigated by electron microscopy (Fig. 5) after reagent 2 instead of NaCl was added to the complexes. The complexes began to degrade into small clumps immediately after removal from the ice water, even before incubation at 37°C (Fig. 5a) . Furthermore, degradation of the clumps was considerable at 0.5 min (Fig. 5b) . After 2.5 min, the surfaces of the VLDL particles inside the clumps began to be exposed (arrowheads in Fig. 5c ). The aggregated HDL-VLDL complexes had disappeared from the grid by the end of the longest incubation period (Fig. 5d) , leaving only aggregates of VLDL particles. Therefore, among all the clumps of lipoproteins that formed in the first reaction, only HDL particles resolved during the second reaction.
x-ray microanalysis of the first reaction Specifications in the HDL-C assay kit indicate that reagent 1 includes both a polyanion and a synthetic polymer; phosphotungstate is used as the polyanion. We clarified a role of polyanion in the reaction by x-ray microanalysis.
Aggregates of VLDL particles formed by reagent 1 were subjected to x-ray microanalysis (Fig. 6) . Three kinds of atoms were found. One was copper derived from the grid. The second was uranium from the negative staining reagent. The third was tungsten, probably from reagent 1. Thus, we confirmed that phosphotungstate in reagent 1 is contained in aggregates of VLDL. Neither magnesium nor phosphorus could be detected, probably because they were below the detection limits.
Discussion
HDL-C measurement methods have been changing from the precipitation type to the above type of a homogeneous assay (8 -11 ) . However, the phenomena involving the interactions that occur between lipoproteins and the reagents have been unclear. To investigate these phenomena, we used electron microscopy to visualize the dynamic reaction in a homogeneous assay for HDL-C.
When we observed the lipoprotein fractions by electron microscopy, the outlines of lipoproteins were wider than usual. Lipoproteins incubated at 37°C might become labile because the transition temperature of lipoproteins is nearly at 37°C (14 ) . To overcome this problem, we cooled the reaction mixture in ice water immediately after the 37°C incubation. With this step, the outlines of the particles appeared unequivocally in the electron microscope. Furthermore, we found that cooling the reaction mixture stops the reaction. As a result, it became possible to observe the time course of the reaction.
According to the manufacturer's specifications, there are two effective substances in reagent 1, the polyanion and the synthetic polymer. The instructions state specifically that LDL-polymer-polyanion and HDL-polymer complexes are formed by the addition of polymer and polyanion in the first reaction and that the HDL structure is broken down by a detergent in the second reaction. Our results confirmed this. Almost every lipoprotein aggregated completely in the first reaction. X-ray microanalysis revealed that phosphotungstate (the polyanion in reagent 1) acts as an aggregating reagent. We assume that lipoprotein complexes formed in the first reaction resulted from the action of the polyanion in reagent 1. However, exactly what roles the polyanion and synthetic polymer in reagent 1 play in the selective reaction remains unknown.
We also confirmed that only the HDL in the aggregates selectively resolved in the second reaction and that it reacted enzymatically, as indicated in the manufacturer's specifications. In detail, the detergent in reagent 2 selectively resolved HDL on the surface of the aggregates, in which HDL was denuded from the inside (Fig. 5) . This mechanism was shown to involve the combination with HDL and VLDL. Because this combination has more distinct particle sizes than with HDL and LDL, it is easy to morphologically show the interaction between HDL and the other lipoproteins. Consequently, it was suggested that the detergent in reagent 2 gradually permeated through localized HDL of clumps to their core and completely degraded all HDL. However, the detergent in reagent 2 alone could not exclusively react with HDL in all lipoproteins (data not shown). For a complete reaction, it was necessary to pretreat the lipoproteins with reagent 1.
Electron microscopy provided useful information for understanding the reaction in this homogeneous HDL-C assay. More recently, a homogeneous method for the quantification of LDL-cholesterol has been reported (15 ) . Analysis by electron microscopy would also be useful for investigating the reaction in this LDL-cholesterol assay. Aggregates generated from VLDL (1101 mg/L cholesterol) in reagent 1 were provided for x-ray microanalysis. (a), area without VLDL particles used as a control for b; (b) aggregates of VLDL particles. The x-ray microanalysis charts for both areas a (upper right) and b (lower right) show copper (Cu) and uranium (U), which were derived from a grid and negative staining reagent, respectively, and which were frequently detected, whereas tungsten (W) was detected only in the chart of b.
